Introduction McCulloh et al., 1992) , or cytoskeletal proteins (Jefferson and Schulman, 1991) , or by regulating nitric oxide The formation of neural circuits requires the coordinated synthase activity (Nakane et al., 1991) . development of presynaptic axons and postsynaptic
The role of CaMKII in structural plasticity is less clear. dendrites. Activity-dependent mechanisms that operate High levels of CaMKII activity correlate with peaks of in both anterograde and retrograde directions across neuronal growth and synaptogenesis in several systhe synapse are likely to be important in controlling tems, including the visual system (Scholz et al., 1988 ; neuronal growth and synaptogenesis (Goodman and Jensen et al., 1991; Jia et al., 1992) . Some in vitro studies Shatz, 1993; Jessell and Kandel, 1993; Davis and Mur- indicate that increased CaMKII activity increases neurite phey, 1994). Evidence for such coordinated control of outgrowth (Goshima et al., 1993) and that decreased neuronal growth and circuit formation is strong in the CaMKII decreases neurite growth (Cabell and Audesirk, visual system of frogs, where changing tectal cell 1993). However, Jian et al. (1994) reported that blocking N-methyl-D-aspartic acid (NMDA) receptor activity disCaMKII has no effect on retinal axon outgrowth in vitro. rupts the topographic organization of afferent inputs Manipulating kinase activity in vivo permits one to as- (Cline et al., 1987; Cline and Constantine-Paton, 1989;  sess the effect of kinase activity on the coordinated Scherer and Udin, 1989), alters retinal axon morphology development of the pre-and postsynaptic partners. In (Cline and Constantine-Paton, 1990a ) and presynaptic Drosophila, blocking kinase activity in vivo with an inhibstructure (Yen et al., 1993 (Yen et al., , 1995 and changes axon arbor itory peptide increases neuronal growth at the neurobranch dynamics (O'Rourke et al., 1994) . However, the muscular junction (Wang et al., 1994) . The growth of signal transduction pathways within the postsynaptic retinal axons is also regulated in vivo by the chronic neurons that underlie such activity-dependent changes application of kinase inhibitors in tadpoles (Cline and in neuronal structure are not clear. One possibility is that Constantine-Paton, 1990b) . In these last experiments the rise in intracellular Ca 2ϩ following synaptic activity on retinal axon growth, CaMKII activity was probably activates the multifunctional Ca 2ϩ /calmodulin-depenmodified in both the pre-and postsynaptic neurons, so dent protein kinase type II (CaMKII) in tectal cells. CaMthat it is difficult to define the role of pre-or postsynaptic KII has been implicated in the control of neuronal growth kinase activity in the development of retinal axons and and neuronal plasticity (Scott and Soderling, 1992;  tectal neurons. Targeted manipulation of kinase activity Schulman, 1993) .
in tectal neurons could reveal the possible role of postCaMKII is activated by Ca 2ϩ /calmodulin binding to the synaptic CaMKII activity in the coordinated control of regulatory domain of the protein. This results in neuronal growth. autophosphorylation that makes the enzyme indepenVaccinia virus has been well characterized as a vector dent of Ca 2ϩ /calmodulin (Schulman, 1993) . Increases in for use in cell culture (Moss, 1991) and has more recently been used to infect targeted populations of neurons in intracellular Ca 2ϩ following activation of voltage-gated the hippocampal slice (Pettit et al., 1994) . We have (␤-gal). The tCaMKII gene is driven by a strong synthetic shown that vaccinia virus is a suitable vector to deliver early/late promoter (S. Chakrabarti and B. Moss, unpubforeign genes into postmitotic frog neurons, both in vivo lished data). The ␤-gal gene is downstream of the tCaMand in vitro, without causing tissue damage (Zou et al., KII and is driven by the vaccinia p7.5 promoter. The p7.5 1993, Soc. Neurosci., abstract; Wu et al., 1995) . Another promoter turns on later than the synthetic promoter and essential feature of vaccinia virus is that it requires the produces less transcript than the strong synthetic proprotein synthesis machinery of the host cells to synthemoter. A separate group of animals was infected with size viral proteins (Moss, 1991) . Consequently, injection a recombinant virus carrying the ␤-gal gene alone, driven of virus into the brain ventricle results in the infection by the synthetic early/late promoter (␤-gal virus). Stainof the majority of cells in the optic tectum without the ing the whole animals with X-Gal 3 days after infection expression of foreign proteins in retinal axons (Wu et with the tCaMKII virus, consistently showed reaction al., 1995).
product restricted to the CNS ( Figure 1A) . Serial cryostat Here, we used a recombinant vaccinia virus consections of infected animals stained with X-Gal inditaining the gene for truncated constitutively active CaMcated that the majority of tectal cells, including both KII (tCaMKII) to alter kinase activity selectively in tectal neurons and glia, expressed ␤-gal ( Figure 1B ), as preneurons, without directly changing the kinase activity in viously reported (Wu et al., 1995) . No X-Gal staining was the presynaptic retinal axons. The tCaMKII virus was detected in the optic nerve or in retinal ganglion cells constructed with the DNA sequence encoding the cata-(RGCs), suggesting that significant amounts of viral malytic domain (amino acids 1-290) of the rat ␣ isoform.
terial were not taken up by the retinal axons and transBecause CaMKII is highly conserved between mamported back to the RGC somata where protein synthesis mals, Xenopus, Drosophila, and yeast (Scott and Soderoccurs (Steward, 1983 ; see also Wu et al., 1995) . Thereling, 1992; Schulman, 1993; Kanki and Poo, 1994, Soc. fore, we can target expression of ectopic proteins speNeurosci., abstract), the exogenous rat CaMKII may act cifically to the tectal neurons. in a similar fashion to the endogenous Xenopus enzyme
To examine the functional expression of tCaMKII, the when expressed in the tectal cells.
constitutive CaMKII activity (Ca 2ϩ /calmodulin indepenWe have used in vivo imaging with the laser-scanning dent) was measured in homogenates of telencephalon confocal microscope to resolve the complex three-diand midbrain 3 days after infection with the tCaMKII or mensional structure of growing retinal axon arbors at the control ␤-gal virus. The Ca 2ϩ /calmodulin-independifferent timepoints in intact albino Xenopus tadpoles. dent activity in tissue infected with the tCaMKII virus for Previous studies of the dynamic growth of the axon 3 days was 48% Ϯ 5% (n ϭ 10) of the total kinase arbors have shown that axons exhibit a profusion of activity. This value was significantly greater than that branch additions and retractions over short periods and from the uninfected stage-matched control animals that net growth of the arbor occurs by the elongation (32% Ϯ 5%, n ϭ 11; p < 0.05, t test). The relative level of preexisting branches plus the selective stabilization of Ca 2ϩ /calmodulin-independent activity in animals inof relatively few of the newly added branches (O'Rourke fected with the ␤-gal virus (35% Ϯ 5%, n ϭ 8; Figure  et Witte and Cline, 1993, 1994, Soc. Neurosci., 1C) was comparable to controls. These results demonabstract). The factors controlling which branches are strated that constitutive CaMKII activity was increased stabilized or retracted are unknown. One possibility is in the CNS by infection with the recombinant tCaMKII that branches are stabilized if they form strong synaptic virus. contacts with the target tectal neurons. Synaptic activity Animals infected with the tCaMKII virus (tCaMKII aniin the tectal neuron might trigger events that maintain mals) appeared normal, without apparent physical or recently active presynaptic sites at the expense of less behavioral abnormalities. The animals swam and ate active presynaptic sites.
normally, and displayed a typical startle response. We We tested the hypothesis that postsynaptic CaMKII previously demonstrated that animals infected with the activity plays a role in the coordinated development of ␤-gal virus (␤-gal animals) do not have reduced cell retinotectal axon arbor morphology. CaMKII activity in numbers in the optic tectum (Wu et al., 1995 those axons from animals in which virus infection in the also simpler than the same arbors imaged prior to the infection (day 0). Although preexisting branches did tectum was confirmed by X-Gal histochemistry were included in the quantitative analysis. This approach alelongate and some new growth occurred in the tCaMKII axons, in general, there appeared to be a selective loss lowed us to follow the dynamic development of retinal axons as the axons grow in their normal or experimenof shorter branchtip segments over 3 days (Figures 2  and 3; Tables 1 and 3) . Axons from the ␤-gal animals tally altered environment.
Over the 3 day period of the observations, normal (␤-gal axons) were comparable to the untreated control axons (Tables 1-3) . retinal axon arbors (control axons) became larger and more complex. Some branches were retracted or shortWhen the tCaMKII axons on day 3 were compared with the corresponding control axons, the major differences ened, while some were added or elongated (Figures 2 and 3). Axons from the tCaMKII animals (tCaMKII axons) between the two groups appeared to be in the number, density, and distributions of branchtips, as well as in appeared to grow 1 day after the infection (day 1), but by 2 days after the infection (day 2), the normal rate of total branch length. Therefore, we analyzed five parameters to describe these features of the axon arbor quantiarbor growth decreased (Figures 2 and 3 ). The morphological differences between the control and the tCaMKII tatively in the normal and infected animals. At day 0 (prior to the virus infection), in either the tCaMKII or the axons were most striking 3 days after the infection (day 3). The tCaMKII axons appeared more simple than the ␤-gal axons, the values of all five parameters were the same as those in the controls for the corresponding control axons from stage-matched animals. They were observation intervals (Tables 1 and 3 ). These results confirmed that there was no subjective bias in selecting animals for different treatments. Branchtip Number.
In the control axons, the average branchtip number increased gradually over 3 days ( Figure 4A ; Table 1 ). The largest increase in branchtip number occurred between day 0 and day 1, after which the branchtip number was relatively stable. At day 1, the branchtip number had increased to about 117% Ϯ 5% (p < 0.01) of the initial value on day 0. At day 3, it was 123% Ϯ 6% (p < 0.01) of the initial value on day 0 ( Figure 4A ). Observations of axons imaged 1 or 2 days after infection showed that the branchtip numbers in the tCaMKII axons did not increase by day 1 as much as they did in the control axons. The net decrease in branchtip number was apparent 2 days after infection with the tCaMKII virus (Figure 4A) . By day 3, the branchtip number in the tCaMKII axons fell to about half of the value in the untreated control group on day 3 (19 Ϯ 2 versus 37 Ϯ 2; p < 0.001). This difference represented a net decrease in branchtip numbers in the tCaMKII axons over the 3 day period, from 28 Ϯ 3 to 19 Ϯ 2 (p < 0.001), or to 67% Ϯ 4% of showed an increase in total branch length over 3 days ( Figure 4E ). In contrast, the tCaMKII axons increased on average to only 108% Ϯ 9% of the initial total branch length over 3 days ( Figure 4B ). Observations at daily timepoints indicated that total branch length in the tCaMKII axons initially increased on day 1 relative to day 0, but did not continue to increase as the controls did. The average total branch length of tCaMKII axons on day 3 was virtually unchanged compared with day 0 (480 Ϯ 50 m on day 0 versus 482 Ϯ 50 m on day 3). One reason could be that almost half of the axons (7 out of 16) showed a decrease in total branch length ( Figure 4E ). The total branch length of tCaMKII axons on day 3 on average (482 Ϯ 50 m) was significantly (p < 0.01) smaller than that (722 Ϯ 51 m) from the control group at the same timepoint. We also measured the rostrocaudal and mediolateral dimensions of the axon arbors. There was no significant difference (two populations independent t test, p>0.05) in either the arbor length or width between the tCaMKII or the ␤-gal axons and the controls on day 3 (Table 2) . Branchtip Density. Branchtip density, defined as the number of branchtips per 100 m branch length, decreased significantly in the control axons over 3 days to 85% Ϯ 5% of its initial value on day 0 (p < 0.01; Figure 4C ; Table 1 ). This decrease in branchtip density in control axons occurred because the relative increase in total branch length was greater than the relative increase in branchtip number over the 3 day period ( Figures 4A and 4B) . In tCaMKII axons, the relative decrease in branchtip density at day 1 was comparable to that in control axons ( Figure 4C ; Table 1 ). By day 2, tCaMKII axons had significantly smaller branchtip densities than untreated control axons (4.7 Ϯ 0.3 versus 5.7 Ϯ 0.3; p < 0.05). At day 3, the average branchtip density of tCaMKII axons had continued to decrease relative to the control axons at the same timepoint (3.9 Ϯ 0.2 versus 5.2 Ϯ 0.3; p < 0.01). The relative decrease in branchtip density was also greater in the tCaMKII axons than in the control axons over the same 3 day period (66% Ϯ 4% versus 85% Ϯ 5%; p < 0.01), because the total branch length in tCaMKII axons did not increase and the branchtip number decreased dramatically. Most of the control (12 of 15) and the ␤-gal (10 of 13) axons showed a decrease in their branchtip Based on the drawings of the axon arbors, it appeared axons, n ϭ 15. (B) tCaMKII axons, n ϭ 16. (C) ␤-gal axons, n ϭ 13. Although tCaMKII arbors became more simple, some branches that shorter branchtip segments were selectively lost in elongated (large arrow), some new branches were added (arrowthe tCaMKII axons (Figures 2 and 3) . In 1 day, the averhead), and some branches retracted (small arrow) or shortened.
age branchtip segment length in the tCaMKII axons was already significantly (p < 0.05) larger than in the controls days for each axon in the 3 groups ( Figure 4D ). Branchtip (Table 3) . The difference between the two groups continnumbers increased in most of the control (12 out of 15) ued to increase over the next 2 days ( Figure 5A ). By day and ␤-gal (11 out of 13) axons, but decreased in all 16 3, the average branchtip segment length in the tCaMKII tCaMKII axons.
axons (18.3 Ϯ 1.0 m; n ϭ 297) was much longer than Total Branch Length. that (13.2 Ϯ 0.5 m; p < 0.001; n ϭ 550) from the control The total branch length, measured from the first branch axons ( Figure 5A ). On day 2, in the ␤-gal axons, the point to the branchtips of the arbor, increased steadily average branchtip segment length was longer (p < 0.05) over 3 days in the control axons. By day 3, the total than that in the control axons (Table 3) . This was the branch length was 151% Ϯ 11% of the initial value on only value in which the ␤-gal axons differed significantly from the control axons at the same timepoint. day 0 (p < 0.001; Figure 4B ; Table 1 ). All but one axon 
Branchtip The change in the mean branchtip segment length shorter branchtip segments (from 64% Ϯ 4% to 43% Ϯ 5%; p < 0.01) and a significant increase in the proportion might reflect a change in the relative proportions of short and long branchtip segments within the arbor. To of longer branchtips (from 15% Ϯ 3% to 34% Ϯ 5%; p < 0.001; Figure 5C ). On day 3, the percent of branchtips address this possibility, we grouped branchtips somewhat arbitrarily into three categories according to their belonging to the intermediate length class did not change for either the control or the tCaMKII axons comsegment length: short, with branchtip segment lengths of 1-10 m; intermediate, with lengths in the range of pared with the same axons on day 0. Figures 5D-5F show the comparisons of branchtip 11-20 m; long, with lengths greater than 20 m.
Over 3 days, the control axons showed a slight desegment length distributions in the control, the ␤-gal, and the tCaMKII axons for each day. On day 1, the crease in the relative numbers of short branchtips and a significant increase in the relative numbers of long tCaMKII axons appeared to have relatively more branchtips with longer (intermediate and long) segment length, branchtips (from 14% Ϯ 2% to 19% Ϯ 2%; p < 0.05; Figure 5B ). Over the same time period, the tCaMKII axcompared with the control axons at the same timepoint ( Figure 5D ). The relative decrease in the short branchtip ons showed a significant decrease in the proportion of segments and the relative increase in the long branchtip groups: low, with topological branch orders of 1-4; intermediate, with orders in the range of 5-8; high, with orsegments in the tCaMKII axons were not significant until day 3 (Figures 5D and 5E ; Table 3 ). When the tCaMKII ders greater than 8.
In the control axons, the distribution of branchtips in axons on day 2 were compared with the same axons on day 0, they had significantly fewer (p < 0.01) short the different branch order categories did not change significantly over 3 days, however, the distribution branchtips and more (p < 0.05) long branchtips (Table 3) .
shifted toward relatively more higher order branchtips ( Figure 6B ; Table 3 ). Therefore, over 3 days, the control Branchtip Order Distribution. An analysis of the topological branch order of the axons tended to become more complex. Over the same time period, the changes in the tCaMKII axons were in branchtip segments was used to quantitate the differences in the complexity between the control and the the opposite direction. The relative numbers of high order branchtip segments decreased from 21% Ϯ 5% tCaMKII axon arbors. We adopted the centrifugal ordering system (Uylings et al., 1989; see also Figure 6A ) to to 10% Ϯ 4%, and the relative numbers of low order branchtip segments increased significantly (p < 0.01) assign the order of branchtip segments in the retinal axons. According to this scheme, the unbranched axon from 25% Ϯ 3% to 38% Ϯ 5%. Comparing these values to those from control axons at the same timepoint, segment entering the optic tectum from the tract has a topological order of zero and distal branch segments tCaMKII axons had relatively fewer branchtips (10% Ϯ 4% versus 39% Ϯ 7%; p < 0.001), with high order and have higher topological orders, depending on the numbers of intervening branch points. Therefore, axons with relatively more branchtips (38% Ϯ 5% versus 17% Ϯ 2%; p < 0.001) with low order. The percent of branchtips relatively more high order branchtips are likely to be more complex. Branchtips were classified into three belonging to the intermediate order class did not change 
Average Branchtip Length (m) Average (m) at day 0 10.5 Ϯ 0.5 10.5 Ϯ 0.5 10.9 Ϯ 0.5 10.4 Ϯ 0.6 10.5 Ϯ 0.6 11.6 Ϯ 0.5 11.8 Ϯ 0.6 10.7 Ϯ 0.5 11.7 Ϯ 0.6 (nϭ362) (nϭ404) (nϭ461) (nϭ393) (nϭ464) (nϭ446) (nϭ416) (nϭ304) (nϭ450) Average (m) 10.8 Ϯ 0.5 11.2 Ϯ 0.5 13.2 Ϯ 0.5 a 11.9 Ϯ 0.6 13.0 Ϯ 0.6 a,b 13.9 Ϯ 0.6 a 13.5 Ϯ 0.6 a,b 14. significantly in the tCaMKII axons over 3 days, nor was the tCaMKII axons became more simple compared with the same axons on day 0 ( Figure 6C ). it different from the controls on day 3 (Figures 6B and  6F ; Table 3 ).
Comparisons of branch order distributions in the conDiscussion trol, ␤-gal, and tCaMKII axons for each day are shown in Figures 6D-6F . The branch order distributions were
We tested the hypothesis that postsynaptic CaMKII participates in the control of the development of the retinal not significantly different at day 1 for all three groups of axons ( Figure 6D ), although the tCaMKII axons had axon arbor morphology in Xenopus tadpoles. CaMKII activity was selectively increased in tectal cells by exrelatively more branchtips with low topological order, and relatively fewer branchtips with high topological pressing constitutively active CaMKII with a recombinant vaccinia virus. In vivo confocal images of individual order, compared with the control axons. By day 2, the distribution in the tCaMKII axons had shifted further DiI-labeled axons taken before and at different daily intervals after virus infection revealed that the branching so that there was a significantly greater proportion of branchtips with low order (p < 0.01; Figure 6E ). By day pattern of retinal axons became less complex after the postsynaptic expression of tCaMKII. The decreased 3, the differences between the control and the tCaMKII axons were even greater ( Figure 6F ), because the conarbor complexity was due to an increase in the rate of branch retractions. These results indicated that CaMKII trols tended to become more complex ( Figure 6B ), while activity in the tectal cells may be involved in the regulaof branch additions and retractions and the stabilization of portions of preexisting branches despite potential tion of retinal axon arbor elaboration. retraction and shortening. The simpler arbor morphology observed in tCaMKII axons may result from changes tCaMKII Expression in the rates of branch additions or branch retractions or Infection of the tadpole CNS with vaccinia virus resulted both. The decrease in branchtip numbers in tCaMKII in expression of tCaMKII in the majority of cells in the axons at day 3 relative to day 0 indicates that tCaMKII optic tectum, as indicated by the widespread intense causes an increase in retractions of branches formed expression of the reporter ␤-gal. No ␤-gal expression prior to the increase in kinase activity. Observations of was detected in the optic nerve or retina in any of the axons at shorter intervals would be required to resolve animals we examined. The relative increase in the Ca 2ϩ / whether tCaMKII changes the rates of branch additions calmodulin-independent kinase activity that we meaand retractions compared with controls. sured indicates that functional expression of tCaMKII Activity-dependent mechanisms that maintain some took place. Considering that the tCaMKII expression axonal branches and cause the retraction of other was driven by a strong synthetic promoter (S. Chakrabranches have been observed in developing visual probarti and B. Moss, unpublished data), the extent of injections (Nakamura and O'Leary, 1989 ; Katz and Calcrease in kinase activity was relatively low. This may be laway, 1992; Antonini and Stryker, 1993), as well as other due to the instability of the truncated CaMKII.
systems (Bailey and Chen, 1989; Zhong et al., 1992) . In We have previously shown that animals infected with addition to the present study and previous work in the vaccinia virus carrying the gene for ␤-gal develop norfrog retinotectal system (Cline and Constantine-Paton, mally, without any decrease in tectal cell numbers com1990b), other reports indicate that CaMKII may be inpared with uninfected animals (Wu et al., 1995) . Expresvolved in these sculpting events. CaMKII gene expression of tCaMKII did not appear to damage the CNS. The sion is elevated in dark-reared animals compared with density of cells in the optic tectum of tCaMKII viruscontrols (Neve and Bear, 1989) . In monocularly deprived infected animals was not different from those of either monkeys, CaMKII immunoreactivity is increased precontrol or ␤-gal animals. Another indication that the excisely in the ocular dominance columns deprived of their perimental animals were healthy is that retinal axons normal visual innervation (Hendry and Kennedy, 1986 ). continued to grow. In spite of the dramatic reduction of Correspondingly, brief monocular deprivation results in branchtip numbers, many branches extended by tens simpler geniculocortical axon arbor morphology comof microns in the tCaMKII axons. Indeed, the total axon pared with normal axons (Antonini and Stryker, 1993) . branch length increased in more than half of the axons.
A more direct relation between CaMKII activity and neuAs a further indication that a modest increase in CaMKII ronal growth was shown in Drosophila, in which inducactivity is not toxic to neurons, electrophysiological retion of a specific inhibitory peptide for CaMKII decordings from tectal neurons infected with the same creased CaMKII activity (Griffith et al., 1993) and resulted recombinant virus show that they have normal resting in larger, more complex motor nerve terminals in the potential and input resistance (G. Y. Wu and H.T.C., neuromuscular junction (Wang et al., 1994) . unpublished data). In addition, hippocampal neurons How CaMKII activity might function to modify neuinfected with the tCaMKII virus exhibit potentiated synronal branching patterns remains an open question. One aptic transmission (Pettit et al., 1994) . In neuroblastoma hint comes from the observation that shorter branchtips cells, a 10-fold increase in CaMKII activity promotes are selectively lost in the tCaMKII axons. This population differentiation and neurite outgrowth, without apparent of branches has the highest rate of additions and retracpathological effects (Goshima et al., 1993) . tions, with average lifetimes of less than 1 hr (O'Rourke et al., 1994; Witte and Cline, 1993, 1994 , Soc. Neurosci., tCaMKII and Retinal Axon Growth abstract) Localization of synaptic vesicle proteins in the Normal retinal axons gradually become more elaborate short branchtips suggests they may form synapses (M. over a 3 day period. The changes of arbor morphology
Anderson, E. Pinches and H.T.C., unpublished data). that we observed in control axons were comparable However, the short lifetimes of the branches mean that to those reported previously (Sakagushi and Murphey, the synapses would necessarily be relatively new. Newly 1985; O'Rourke and Fraser, 1990) . Images of axon formed synapses show greater variability in amplitude arbors taken at shorter intervals show that the arbor and frequency of synaptic transmission, including a structure is extremely dynamic (O'Rourke et al., 1994;  greater rate of failures (Diamond and Miledi, 1962; BenWitte and Cline, 1993 , Soc. Neurosci., abstract). nett and Pettigrew, 1974 Buchanan et al., 1989) . We Branches are constantly added and retracted from the suggest that this variability puts the new synapses and arbors so that most branches have lifetimes of less than branches at greater risk for retraction when postsynapa few hours. In addition to the initiation and retraction of tic CaMKII activity is elevated. new branches, preexisting branches continually extend
In the retinotectal projection, visual inputs result in and shorten. Over an 8 hr period, only half of the total different levels of synaptic activity across the optic tecbranch length is stable, and less than 15% of the newly tum that reflect the topographic organization of the stimadded branches are maintained and contribute to the ulus. Local changes in synaptic activity may result in enlargement of the arbor (Witte and Cline, 1993, 1994, local increases in CaMKII activity in tectal cell dendrites, Soc. Neurosci., abstract). The growth of the arbor seen which could outlast the synaptic activity that triggered at longer intervals, such as those examined here, reflects it (Miller and Kennedy, 1986; Lisman and Goldring, 1988) . two processes: the stabilization of a relatively small
We suggest that local increases in dendritic CaMKII activity that consistently coincide with synaptic activity number of new branches in the face of a large excess of DiI (1,1Ј-dioctadecyl-3,3,3Ј,3Ј-tetramethylindocarbocyanine, maintain synapses and their branches, and that in- (Wu et al., 1995) . The majority (O'Rourke and Fraser, 1990) , so the extent of error introduced by of differences that we observed between tCaMKII and ignoring the depth differences should be constant. The axon arbor control axons are apparent by the second day after dimensions were measured along the maximal rostrocaudal length infection (Tables 1 and 3) , when X-Gal staining is intense.
and mediolateral width of the reconstructed axon arbor using NIH However, by 1 day after infection, tCaMKII axons did The results presented here indicate that changes in point. The order of branchtip segments was determined according postsynaptic CaMKII activity can modify the elaboration to the centrifugal ordering system (Uylings et al., 1989) . The root segment is the unbranched portion of the axon entering the tectum of the presynaptic axon arbor structure, by increasing from the optic tract and has a branch order of zero. Branches origithe rate of branch retraction. We suggest that in the nating from the first branch point have branch order of 1; those normal optic tectum spatial and temporal changes in branches from the next branch point along the axon caudal to the input activity trigger changes in tectal cell CaMKII activfirst branch point have branch order of 2; and so on (see Figure 6A) .
ity that are then reflected in the dynamic properties of apses, while elevated CaMKII activity in the absence of sufficient synaptic activity causes branch retraction.
Virus Infection
The recombinant vaccinia virus was the gift of Drs. R. Malinow and D. Pettit. The construction of recombinant virus has been reported Experimental Procedures before (Pettit et al., 1994) . The DNA sequence encoding truncated ␣-CaMKII (amino acids 1-290, tCaMKII) from rat was inserted into Imaging Albino Xenopus laevis tadpoles were obtained by human chorionic the Sal I-Sma site in the vaccinia virus vector pSC65 (a gift of B. Moss) downstream from a strong synthetic early/late vaccinia virus gonadotropin-induced mating, and reared in the lab. A small amount
